As a genus, the dependoviruses use a diverse group of cell surface carbohydrates for attachment and entry. Despite the fact that a majority of adeno-associated viruses (AAVs) utilize sialic acid (SIA) for binding and transduction, this virus-carbohydrate interaction is poorly understood. Utilizing X-ray crystallography, two SIA binding regions were mapped for AAV5. The first site mapped to the depression in the center of the 3-fold axis of symmetry, while the second site was located under the ␤HI loop close to the 5-fold axis. Mutagenesis of amino acids 569 and 585 or 587 within the 3-fold depression resulted in elimination or alteration in SIA-dependent transduction, respectively. This change in SIA binding was confirmed using glycan microarrays. Mutagenesis of the second site identified a role in transduction that was SIA independent. Further studies of the mutants at the 3-fold site demonstrated a change in transduction activity and cell tropism in vivo as well as resistance to neutralization by a polyclonal antibody raised against the wild-type virus.
T he first step in viral infection is attachment of the virus to the cell surface, and cell surface carbohydrates play an important role in this process. Due to the broad array of structural motifs possible with carbohydrates compared to proteins, many viruses and pathogens utilize carbohydrates as initial cell attachment receptors. The carbohydrate moieties mediating these interactions are modified proteins or lipids in the form of glycoproteins and glycosphingolipids, respectively, or exist as glycosaminoglycan (GAG) chains attached to proteins in the form of proteoglycans.
The members of Dependoparvovirus, a genus belonging to the single-stranded DNA (ssDNA)-packaging family Parvoviridae, use a diverse group of cell surface carbohydrates for attachment, entry and cellular transduction. Adeno-associated virus serotype 2 (AAV2), AAV3B, AAV6, and AAV13 bind to heparan sulfate proteoglycans (HSPGs) (1) (2) (3) (4) (5) (6) (7) . However, these viruses differ in their affinity and specificity for HS (1) . AAV1, AAV4, AAV5, and AAV6 all use different forms of sialic acid (SIA) (7) (8) (9) (10) . While both AAV4 and AAV5 require the ␣2,3 form of SIA, treatment of cells with specific glycosylation inhibitors and resialylation experiments with neuraminidase-treated erythrocytes demonstrated that AAV4 preferentially attached to an ␣2,3 SIA present on an O-linked carbohydrate core and AAV5 attached to the N-linked type (8) . Analysis of AAV1 and AAV6 determined that both use either ␣2,3-linked or ␣2,6-linked SIA when transducing numerous cell types and that SIA supersedes HS in controlling AAV6 transduction (7, 10) . Similarly, an AAV isolate found as a contaminant in a stock of bovine adenovirus, termed BAAV, also requires cell surface SIA for transduction and internalization, but the terminal SIA groups must be linked to a glycosphingolipid core of a ganglioside (11) .
Carbohydrate structural motifs are not static, and their presentation on the cells' surface varies with cell differentiation and maturation, all of which can affect viral attachment. Furthermore, their polarized surface expression or presence in the extracellular matrix or fluids, such as saliva or bronchoalveolar lavage fluid, can affect and block a virus's attachment to a cell. For example, the protective mucins secreted by airway epithelia are heavily glycosylated, with an abundance of O-linked SIA. Binding and competition experiments demonstrate that AAV4 will bind to and is inhibited by purified muc-1 but not its deglycosylated form (9) . In contrast, AAV5 only weakly binds muc-1 and its transduction is not inhibited in competition experiments or by bronchoalveolar fluid (9, 12) .
Extensive mutagenesis on AAV2 localized its HS binding region to a basic patch of amino acids, with R585 and R588 (AAV2 VP1 numbering) located close to the top of the protrusions that surround the icosahedral 3-fold symmetry axis of the capsid, shown to be the most critical for this interaction (13, 14) . Interestingly, while a mutation in this region blocks virus binding and transduction in vitro, it appears to alter but not ablate transduction in vivo. Kern et al. reported that a mutation of amino acids R585 and R588 in AAV2 results in a vector with improved specificity for heart tissue compared to wild-type (WT) virus, which can direct gene transfer to both the heart and liver. However, while insertion of the peptide comprising AAV2's residues 585-RGNR-588 onto AAV5 can confer heparin binding activity to this serotype, it does not confer sensitivity to heparin competition during transduction, suggesting that cellular transduction by AAV5 is likely controlled by its initial SIA interaction, which is not ablated by the peptide insert (14) .
In this study, we have used X-ray crystallography, mutagenesis, and glycan arrays to map the SIA binding and transduction region on AAV5. X-ray data showed that SIA is able to bind at two sites on the surface of the viral particle. While mutations in both sites affected transduction activity, only one site at the center of the 3-fold axis of symmetry is responsible for the SIA-dependent transduction and binding activity of AAV5. Binding specificity of the mutants on a glycan array confirmed the importance of this site in SIA binding and their effect on transduction activity. In vivo experiments showed that mutations of the SIA binding residues can alter AAV5 transduction activity in vivo, and antibody neutralization studies confirmed the importance of this site in AAV5 immunogenicity by creating escape mutants. Type Culture Collection [ATCC] , Manassas, VA) and 293T cells (human embryonic kidney cells) were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (FBS; HyClone, Logan, UT), 2 mM L-glutamine, 100 U of penicillin/ml, and 0.1 mg of streptomycin/ml (Invitrogen, Carlsbad, CA). The human tumor cell lines IGROV-1 and SF-268 were maintained in RPMI 1640 medium (Biosource, Camarillo, CA) supplemented with 10% FBS and 2 mM L-glutamine (15) . Cells were maintained at 37°C under a 5% CO 2 humidified atmosphere. In the transduction and binding experiments, cells transduced with the recombinant AAVs were placed in medium supplemented with 5% FBS (HyClone).
MATERIALS AND METHODS

Cell cultures. African green monkey kidney COS cells (The American
Crystallographic analysis of the AAV5-SIA complex. The expression, purification, and crystallographic studies of AAV5 virus-like particles (VLPs) have been previously described (16) . To study the interaction of AAV5 with SIA, crystals grown in 20 mM Tris-HCl (pH 7.5), 350 mM NaCl, 10 mM MgCl 2 , and 1.5% polyethylene glycol (PEG) 8000 at room temperature (RT) using the hanging-drop vapor diffusion method were soaked with 1 mM SIA (Sigma) for ϳ48 h prior to X-ray diffraction data collection (17) . Crystals were soaked for 30 s in cryoprotectant solution consisting of the crystallization buffer with 10% PEG 8000 and 30% glycerol and flash cooled in liquid nitrogen vapor prior to X-ray diffraction data collection. A total of 199 diffraction images were collected from 4 crystals at two different synchrotron beam lines: F1 at the Cornell High Energy Synchrotron Source (CHESS, Cornell University, Ithaca, NY) at a crystal-to-detector distance of 400 mm, oscillation angle of 0.3°per image, and exposure time of 45 s per image at a wavelength () of 0.9799 Å; and X29 at the National Synchrotron Light Source (NSLS) at the Brookhaven National Laboratory with a crystal-to-detector distance of 400 mm, an oscillation angle of 0.3°per image, and an exposure time of 30 s per image at a of 1.10 Å.
The reflections were indexed and integrated with the HKL2000 suite of programs and scaled and merged with Scalepack (18) . The crystals diffracted X-rays to 3.5-Å resolution, and the R merge and completeness for this data set were 14.9% and 59.4%, respectively. The data processing statistics are given in Table 1 . The crystals belong to the orthorhombic space group P2 1 2 1 2 1 with unit cell dimensions as follows: a ϭ 264.7 Å, b ϭ 447.9 Å, and c ϭ 629.7 Å. This is isomorphous with the published AAV5 VLP structure (PDB accession no. 3NTT) (19) . Thus, a difference map, F o -F c (where F o and F c are the observed and calculated structure factor amplitudes, respectively), was calculated to localize the potential binding site for SIA using the CNS program (20) .
The averaged F o -F c electron density map, when contoured at a threshold of 2.0 , revealed positive electron densities at the 3-fold axis and under the ␤HI loop, defined as sites A and B, respectively, which could be interpreted as an SIA molecule. To enable modeling and refinement of the SIA molecules, the coordinate files for SIA were obtained from the HIC-Up server (21) and the geometry restraints and dictionary files were generated using the phenix.elbow subroutine in the Phenix program (22) . The SIA molecules were docked into F o -F c densities using interactive rigid-body rotations and translations in the Coot program (23) . The fit of the docked molecules was refined against the F o -F c difference map using the Real_Space refinement option in Coot. The amino acids constituting the SIA binding sites were predicted based on the list of amino acid residues with interactions within 3.6 Å of the docked SIA molecules. The figures were generated using the Pymol program (24) .
Construction of mutant capsid plasmids. Mutations, predicted to abrogate A-and B-site SIA interactions by switching the AAV5 residue types (that differ to AAV2 at the structurally mapped sites) to those present at the structurally equivalent positions in AAV2, were introduced into the AAV5 capsid gene using QuikChange site-directed mutagenesis (Stratagene, San Diego, CA) per the manufacturer's instructions. For each AAV5 mutant, two complementary PCR primers were used to introduce changes into a pAAV5 RepCap plasmid ( Table 2 ). The A-site mutants include M569V, Y585V, and L587T mutants. A double mutant was also made, Y585V/L587T mutant. The B-site mutants include D652F, T362M, Q359D, E350Q, P533S, P533G, and AAV5 Loop VII mutants, a VR-VII (19) substitution mutant. All mutations were confirmed by sequencing the final plasmid.
Generation of recombinant virus. Wild-type AAV5 and capsid mutant vectors expressing a nuclear localized green fluorescent protein (GFP) were produced as previously described (25) . Briefly, 293T cells were cotransfected with pAAV5-NLS-GFP, pAAV5 RepCap mutants, and the Ad helper plasmid 449B (26) . Recombinant (rAAV-GFP) vectors were purified by CsCl gradient centrifugation. DNase-resistant genome copy numbers for the vectors were determined by quantitative real-time PCR using the TaqMan system (Applied Biosystems) with probes specific to the cytomegalovirus (CMV) promoter contained within the packaged genome. Cellular transduction following digestion of cell surface SIA. Exponentially growing COS, IGROV-1, and SF-268 cells were plated at a density of 5 ϫ 10 3 cells/well in a flat-bottom 96-well plate. Twenty-four hours after seeding, cells were incubated for 45 min with 1 mU of the broadspectrum neuraminidase (NA) from Vibrio cholerae (Calbiochem, La Jolla, CA) or Glyko sialidase A (SA; recombinant from Arthrobacter ureafaciens; Prozyme, San Leandro, CA) to remove SIA. Cells were then washed with medium and transduced with 1 ϫ 10 9 particles of rAAV-GFP vectors. GFP expression, which serves as a surrogate marker for transduction, was detected 42 h later with a fluorescent cell counter (BD FACSArray Bioanalyzer; BD Biosciences, San Jose, CA).
Cell surface vector binding assay. COS cells were seeded at 2 ϫ 10 4 cells/well in a flat-bottom 96-well plate. Twenty-four hours after seeding, cells were incubated for 45 min with 1 mU of NA or SA and incubated for 45 min at 37°C. Cells were then chilled for 5 min at 4°C and incubated for 30 min at 4°C with 3 ϫ 10 9 rAAV-GFP particles. After this incubation, cells were washed twice with cold medium, once with phosphate-buffered saline (PBS), and lysed in 50 l buffer P1 from the Qiaprep Miniprep kit (Qiagen, Germany). Copy numbers of cell-associated vector genomes in the cell lysates were determined by quantitative real-time PCR using the TaqMan system (Applied Biosystems) with probes specific to the CMV promoter.
Antibody neutralization assay. COS cells were seeded at a density of 5 ϫ 10 3 cells/well in a flat-bottom 96-well plate 1 day before infection with 2 ϫ 10 7 rAAV-GFP vectors, which had been preincubated with serial dilutions of a polyclonal serum, raised against AAV5, in medium for 1 h at RT. Cells were incubated at 37°C for 1 h and then washed with medium. Twenty-four hours after infection, cells were analyzed for GFP expression by flow cytometry (BD FACSArray Bioanalyzer).
Glycan microarray analysis of AAV5 glycan interactions. The glycan binding profiles for WT AAV5 VLPs and rAAV5-GFP particles were characterized using glycan microarrays produced by the Consortium for Functional Glycomics (CFG) (http://www.functionalglycomics.org/static /consortium/resources/resourcecoreh.shtml). The screening was conducted several times on different microarrays with different biological replicates (PA Ver 2 to Ver 4.1). The microarrays contained 262 to 371 sialylated and nonsialylated glycans with different linkages and modifications (http://www.functionalglycomics.org/glycomics/publicdata /selectedScreens.jsp). Purified AAV5 VLPs or rAAV5-GFP (at a concentration of 100 to 200 g/ml) used to probe the array was detected using the ADK5a anti-AAV5 capsid antibody and by goat anti-mouse secondary IgG with a fluorescein isothiocyanate (FITC) label; alternatively, VLPs were directly labeled with an Alexa Fluor 488 label for detection. A similar approach was used for profiling the glycan binding properties of two AAV5 SIA binding mutants, M569V and L587T mutants, following confirmation of reduced cell binding and infectivity phenotypes using binding and transduction assays. These mutants, produced in 293T cells, were screened on array PA v3.1 and detected with ADK5a and the Alexa Fluor 488 goat anti-mouse secondary antibody.
In vivo study of transgene expression. All mouse studies were conducted in an AAALAC-accredited facility under the Institutional Animal Care and Use Committee Protocol approval (NIDCR). Vector particles (1 ϫ 10 10 ) of WT AAV5 or L587T mutant vectors encoding luciferase were injected into male BALB/c mice (27) by three different routes, the submandibular salivary glands, the hind limb, or lungs (1 ϫ 10 11 viral particles). Transduction was visualized by photon imaging of the whole animal using a Xenogen camera (IVIS Lumina; PerkinElmer) at 7 months postinfection. 
RESULTS
Structural studies of AAV5-SIA interactions. SIA was observed in two separate sites in AAV5 using an averaged F o -F c difference density map contoured at a threshold of 2.0 . The A site is located in the depression centered at the icosahedral 3-fold symmetry axis, and the B site is located under the HI loop, which sits above a 5-fold symmetry-related VP monomer and is also adjacent to the glycerol molecule (GOL) observed in the previously reported crystal structure of AAV5 ( Fig. 1 ) (19) . An effort at crystallographic refinement of the AAV5 VP3-SIA complex structure resulted in a reduction in the density signal for the SIA N-acetamido and glycerol side groups, especially for the A-site molecule, so interpretation was limited to the real-space refined model inside the F o -F c density. This observation suggests that the SIA might not The amino acid residues from the reference (gray) and 5-fold related monomer (pink) that interact with the SIA and GOL in the B site are depicted in a stick model. In panels A, B, and D, the positions of icosahedral 2-, 3-, and 5-fold symmetry axes are depicted as a black filled oval, triangle, and pentagon, respectively. This figure was generated using the PyMol program (24) .
interact with all the 60 copies of the VP in a similar manner or is flexible enough to adopt slightly different conformations at the 60 sites. These two possible scenarios would be inconsistent with the icosahedral symmetry imposed during the structure refinement and would lead to lack of ordering of the density for the SIA side groups. The amino acid residues that interact with SIA in the A site are M569, A570, T571, G583, T584, Y585, N586, and L587 (contact distance of 2.4 to 3.6 Å) ( Table 3 ; Fig. 1C ). The residues interacting with SIA in the B site are R277, H279, S280, E350, G351, C352, L353, P354, Q359, F361, T362, P553, F650, S651, and D652) ( Table 3 ; Fig. 1E ). The residues that interact with GOL in the B site are R277, F529, N530, S531, L548, Q604, and T711. The A site but not the B site is important in SIA-dependent transduction. The biological significance of the A-site and B-site AAV5-SIA interactions was studied by making point mutations at AAV5 contact residues that differed with respect to AAV2 (a non-SIA-binding AAV) and have side chain interactions, and their transduction activity was tested. Very little difference in vector particle yields or physical properties was observed between preparations of WT AAV5 and the mutants (data not shown). All mutants were tested on three diverse cell lines, COS, SF-268, and IGROV-1. For the A-site mutants, in the COS cells, although transduction activity for the M569V mutant was almost completely abolished, L587T, Y585V, and Y585V/L587T mutants all showed approximately 7-fold-lower transduction activity than that of WT AAV5 (Fig. 2A) . However, in contrast to WT AAV5, removal of cell surface SIA with NA did not further inhibit the transduction of L587T, Y585V, and Y585V/L587T mutants. Interestingly, all the mutants showed a slight increase in transduction following terminal SIA removal. Similar results were observed with the SF-268 cells (Fig. 2B) . A different pattern of transduction was observed on the IGROV-1 cells. Although the M569V mutant 
a Interaction distance within 3.6 Å. b Receptor type for the particular AAV serotype in parentheses. c Amino acid residues mutated in this study are in boldface and underlined.
displayed little transduction activity, similar to the observation in COS cells, the L587T mutation alone or in combination with Y585V improved transduction in an SIA-dependent manner compared to WT AAV5, with the WT virus transduction being lower than in COS cells (Fig. 2C) . Compared with COS, L587T mutant transduction activity increased 3.5-fold on the IGROV-1 cells, while the Y585V/L587T double mutant showed an ϳ3-fold increase. Transduction activity of the Y585V mutant also increased on IGROV-1 cells compared to COS but was ϳ2-fold lower than for WT AAV5. To test if the transduction by the two variants was SIA dependent, cells were treated with neuraminidase and the change in transduction was compared with that of untreated cells. In contrast to the transduction activity on COS cells, L587T, Y585V, and Y585V/L587T mutants all exhibited neuraminidase-sensitive transduction activity. Similar to the A-site mutants, all of the B-site mutants displayed a significant decrease in transduction activity on all cell types, suggesting that this region is also important in AAV5 transduction (Fig. 3) . For the Q359D and P533S mutations, there was a loss in GFP expression. Neuraminidase treatment diminished the number of transduced cells, similar to WT AAV5. However, in contrast to the A-site mutants, all of the B-site mutants displayed SIA-dependent transduction activity following neuraminidase treatment on all three target cells. There was an average 5-fold decrease in transduction on all cells following pretreatment with neuraminidase, which was similar to the fold decrease observed with WT AAV5. Transductions of SF-268 and IGROV-1 were lower than on COS cells but still displayed SIA-dependent transduction. These results suggest that while both the A-site and B-site regions are important in transduction, mutation of the A-site removes neuraminidase-sensitive transduction, suggesting that this region is critical to the binding of SIA that is necessary for virus attachment and transduction.
A-site mutations change SIA-dependent cell attachment. To confirm if the change in transduction activity was associated with disruption in cell surface SIA interaction, mutant vector binding to cells was compared to that of WT AAV5 with or without pretreatment of the target cells with neuraminidase on COS cells (Fig.  4) . While the number of bound particles was smaller for the A-site mutants than for WT AAV5, very little difference in binding was observed if the cells were pretreated with neuraminidase. In agreement with the transduction data, B-site mutations D652A, T362M, and Q359D showed strong neuraminidase-sensitive binding effects. Given that WT AAV5 and the B-site mutants transduction decreased greater than 10-fold with neuraminidase treatment, this observation suggests that the A site is important in both SIA-dependent cell attachment and transduction. Specificity of carbohydrate binding by A-site mutants on a glycan microarray. Among the A-site mutations, two phenotypes of transduction were observed, complete inhibition of transduction on all cells as seen with M569V or cell type-dependent neuraminidase-sensitive transduction with Y585V and L587T. Based on these data, we hypothesized that M569V completely abolished SIA binding while L587T and to a lesser extent Y585V altered SIA specificity. To test this hypothesis WT, M569V, and L587TrAAV-GFP vectors were used to probe glycan microarrays developed by the CFG. WT AAV5 reproducibly bound a subset of SIA-containing glycans on the array (Table 4 ; Fig. 5 ): NeuAc␣2-3[6OSO3]Gal␤1-4GlcNAc␤-Sp8 (glycan 45/46) and Neu5Ac␣2-3(6OSO3)Gal␤1-4(Fuc␣1-3)GlcNAc␤-Sp8 (glycan number 206/208), both with ␣2,3-linked terminal SIA and sulfated on the penultimate galactose group. Glycan 206/208 differs from 45/46 by having a fucose group on the N-acetylglucosamine of the glycan chain. Two additional SIA-containing glycans bound by AAV5 on newer arrays were Neu5Ac␣2-3Gal␤1-4GlcNAc␤1-2Man␣1-3(Neu5Ac␣2-3Gal␤1-4GlcNAc␤1-2Man␣1-6)Man␤1-4GlcNAc␤1-4GlcNAc␤-Sp12 (glycan 141/143), and Neu5Ac␣2-3Gal␤1-4GlcNAc␤1- 2Man␣1-3(Neu5Ac␣2-6Gal␤1-4GlcNAc␤1-2Man␣1-6) Man␤1-4GlcNAc␤1-4GlcNAc␤-Sp12 (glycan 316/318). Glycans 141/143 and 316/318 contain the same glycans as 45/46 and 206/208, but without the fucosylation and sulfation, linked to core mannose on both branches. Glycans 141/143 and 316/318 differ in that the terminal SIA in one of the branches in glycan 316/318 is linked by ␣2,6 rather than ␣2,3 to galactose. Binding of AAV5 to these sulfonated and branched glycans was also recently reported elsewhere (28) .
Unlike the data for the WT AAV5, the M569V mutant showed nonspecific binding to most of the glycans on the microarray. The top hits, with acceptable percent coefficient of variation (%CV) values, did not contain terminal SIA, and most of them were sulfated ( Fig. 5; Table 4 ). For the L587T mutant, the binding to all the glycans was low, with all potential hits for glycans with terminal SIA having high %CV values consistent with low signal-to-noise ratios. Interestingly, the top hit for this mutant is 9NAcNeu5Aca-Sp8 (glycan number 47) with a %CV of 38 (Table 4) . Significantly, SIA 9-O-acetylation is upregulated (e.g., 9-O-acetylated GD3) in human melanoma cells (29) . Thus, it is possible that this or another modified glycan is being utilized by the L587T mutant for the infection of cancer cells such as the IGROV-1 cells.
The glycan microarray observations for the mutant viruses are consistent with the reduced binding in COS cells compared to WT AAV5 and the lack of significant difference in binding to cells without/with neuraminidase treatment (Fig. 4) . The data also support the transduction data and indicate that (i) the A site is critical for SIA binding and either (ii) mutation in this region can completely abolish SIA binding or (iii) mutation in this region can retarget the capsid to different modified glycans, such as for the L587T mutant vector.
Mutation of L587 alters SIA binding for AAV5. Previous research had demonstrated robust transgene expression following WT AAV5 vector delivery to both lung or salivary gland epithelia (30, 31) . Thus, to test if the altered SIA binding specificity by L587T also alters tropism in vivo, gene expression was monitored in mice for WT AAV5 or L587T vectors encoding luciferase. In agreement with the change in in vitro carbohydrate binding and cell tropism, the L587T mutant also demonstrated a change in transduction activity in vivo (Fig. 6) . Following vector delivery to the submandibular salivary glands, L587T mutant demonstrated a 3-to 4-fold increase in transduction activity compared to WT AAV5. Similarly, a direct injection of L587T mutant in the hind limb showed a 3-to 4-fold increase in luciferase expression compared with WT AAV5. In contrast, L587T mutant gene transfer to the lung was greatly reduced compared with WT AAV5. M569V and Q359D mutants were also evaluated in the salivary glands and showed no transduction activity (data not shown). These data suggest that alteration in glycan recognition can affect vector activity in vivo.
AAV5 SIA binding residues map to an antigenic region. We hypothesized that alteration of a critical region for transduction could alter the antigenic profile of the vector and thus its neutralization by serum antibodies. The antigenic profiles of selected Asite and B-site mutants were explored in comparison to that of WT AAV5 (Fig. 7) . At low dilutions of an anti-AAV5 polyclonal serum, all mutants were neutralized to the same extent as WT AAV5. However, further serial dilution of this serum demonstrated distinct properties for the A-site and B-site mutants. In contrast to the B-site Q359D mutant, which was neutralized to an extent similar to that of WT AAV5, both of the A-site mutants showed a sharp reduction in neutralization activity with dilutions of 100-fold or greater than the Q359D mutant or WT AAV5. Thus, in addition to being critical for SIA-dependent transduction, the A site represents an important antigenic region on AAV5, and its alteration creates an antigenic escape mutant (L587T mutant) still capable of robust in vitro and in vivo transgene expression.
DISCUSSION
To date, over 150 AAV capsid sequences have been cloned from a variety of sources, but there is very little understanding of their host cell requirements for entry and of which regions on the surface of the particles are involved in entry. What is known is that these viruses have evolved to utilize the glycans abundant on cell surfaces as essential primary attachment points for entry. In addition, available data show that the 13 characterized serotypes can be grouped into those that bind HSPG (AAV2, AAV3B, AAV6, AAV13), SIA (AAV1, AAV4, AAV5, AAV6), GAL (AAV9), and unknown (AAV7, AAV8, AAV10, and AAV11) (32) .
Efforts to manipulate the AAV capsid to target specific cell types have generated interest in understanding the AAV capsid structures and mapping their capsid surface regions used to interact with cellular molecules. The mapping of the HSPG binding site on AAV2, with R585 and R588 being the major determinants of the interaction, has allowed for the capsid loop containing these residues to be deleted or altered by peptide insertions for retargeting of tissue tropism (33) . This ability to manipulate a known receptor attachment region has had a major impact on the field of AAV vectorology, and this knowledge is routinely used by several labs. We recently reported the identification of a new HSPG-dependent transduction region on the surface of AAV(VR-942), now AAV13, which is distinct from the HSPG binding site in AAV2 (2) but similar to that used by AAV6 to interact with this glycan (10) (Fig. 8) . This suggests that distinct capsid regions on different AAV isolates can be responsible for the same activity (32) .
In contrast to the HSPG binding AAVs, whose interaction sites are conferred by basic amino acid patches on the capsid, less is known about AAV SIA binding. In our targeted combined structural and mutagenesis studies of the AAV5 SIA binding interaction, we have identified two interesting sites: A and B. Cell binding and transduction assays showed that both these sites are determinants of cellular transduction. However, the A site appears to be the SIA-dependent transduction determinant. This binding region, configured from symmetry-related VP monomers at the icosahedral 3-fold axis of the capsid, is close to but distinct from amino acids affecting AAV4 SIA interaction, the AAV2, AAV6, and AAV13 HSPG binding regions, and the AAV9 galactose (GAL) footprint (Fig. 8) . Rather than being exposed on the wall/ top of the 3-fold protrusions (AAV2-HS, AAV4-SIA) or outside, at the base of the protrusions (AAV13-HS, AAV6-HS, and AAV9-GAL), the AAV5 SIA binding region is recessed into the depres- sion formed by the mounds of the protrusions that surround this axis. This more protected site may serve a selective advantage to the virus as it may make it more difficult for cells to develop neutralizing antibodies that interfere with this interaction. Consis- 
FIG 6
In vivo transduction activity of WT AAV5 and A-site L587T mutant.
The indicated recombinant vectors encoding luciferase were delivered into either BALB/c mouse salivary glands, muscle (tibialis anterior), or lungs. Relative luciferase expression was visualized by Xenogen imaging.
tently, two of the three mouse monoclonal IgG antibodies available for AAV5, 3C5 and ADK5a, are nonneutralizing (34, 35) (data not shown). The B site, which is mostly buried under the HI loop, is located close to an ordered GOL molecule, which was also observed in the WT AAV5 crystal structure (19) . The GOL molecule was postulated to be playing a role in capsid stabilization and possibly occupying a substrate-ligand interaction site by analogy to similarity with the GOL binding site observed in the structure of succinylCoA/3-oxoacid coenzyme A transferase (36) . In this enzyme, the GOL molecule was reported to occupy the acetate cosubstrate binding. Thus, it is possible that this SIA and GOL binding site serves to bind glycans required downstream of the infection pathway, such as a receptor required for internalization. The plateletderived growth factor receptor (PDGFR), which serves as a receptor for AAV5, is a sialylated glycoprotein (15) . Thus, while the role for the B-site SIA interaction in cellular infection requires further investigation, it is tempting to speculate that this site may serve as the contact region for this glycoprotein receptor.
The residues comprising the A site are reminiscent of SIA binding sites for other viruses, for example, influenza virus (37) and the parvovirus minute virus of mice (MVM) (38) , and include mostly hydrophobic and polar residues. Indeed, several mapped SIA binding sites, including that of MVM, contain a hydrophobic aromatic residue, centered in a depression. The pockets can be located in different regions of the capsid, for example, the icosahedral 2-fold depression for MVM in contrast to the 3-fold depression used by AAV5. The three amino acids selected to confirm the role of this site in AAV5 SIA binding included two hydrophobic residues, M569 and L587, and a polar noncharged residue, Y585, mutated to the corresponding residues in the non-SIAbinding AAV2. While mutation of residue 569 completely ablates SIA binding activity, mutations of residues 587 and 585 appear to change the binding specificity. Based on data from the glycan microarray, the AAV5 M569V mutant has no affinity for the sialylated glycans recognized by WT AAV5 but binds to highly sulfated glycans. On the other hand, AAV5 L587T mutant displayed significantly reduced affinity to glycans in general with a switch from ␣2,3 recognition to ␣2,6 recognition and the recognition of nonsialylated glycans (Table 4) .
The altered receptor recognition by the AAV5 mutants supports their altered cellular transduction phenotypes. The lack of cellular transduction by the AAV5 M569V mutant is likely due to a reduced or lack of abundance of sulfated glycans on cell surfaces. The increased transduction of IGROV-1 cells by AAV5 L587T mutant is likely due to the upregulation of modified glycans on the cell surface associated with transformed cells, while the slight increase in transduction following neuraminidase treatment in COS cells may be due to the affinity (albeit low) for glycans without terminal SIA and recognition of GAL. As mentioned above, several AAVs in addition to AAV5, e.g., AAV1, AAV4, and AAV6, utilize SIA as their primary engagement receptor for infection. The SIA binding region for AAV1 is analogous to the GAL binding region for AAV9 in a pocket at the base of the 3-fold protrusion and different from the AAV5 A-site (L.-Y. Huang and M. Agbandje-McKenna, unpublished data) and is likely to be the same site for the closely related AAV6. The amino acids in AAV1 and AAV9 differ in this pocket and engage different glycans. A random mutagenesis study of the AAV4 3-fold protrusions identified six amino acids, K492, K593, M523, G581, Q583, and N585, as playing a role in AAV4 SIA utilization (39) (Fig. 8) . These residues are located closer to the top of the protrusions but on the same face as the AAV5-SIA footprint. While there are no equivalent residues between AAV4 and AAV5 in their SIA contact region and the 3-fold region is one of the most structurally variable between the AAVs, some of the residues in the binding footprints are adjacent (Fig. 8) . Significantly, AAV2 also binds its HSPG receptor using the analogous region on its capsid with different amino acids (Fig.  8) . The observation suggests that the structural features, such as the depressions at the center and base of the 3-fold protrusions, in addition to amino acid type, are important for glycan recognition by the AAV capsid.
As observed in this study, changes in the primary amino acid sequence can alter the biologic activity of the particle. Changing single amino acids on the capsid at the AAV5 SIA A-site, for example, L587T, altered the glycan recognition in vitro and the in vivo transduction activity. In addition, the ability to neutralize A-site mutant vectors with a polyclonal serum raised against WT AAV5 is significantly reduced. These findings further confirm the importance of the A site in AAV5 transduction and the role of glycan recognition in AAV5 transduction.
For other parvoviruses, SIA interactions are reported for bovine parvovirus (40) , canine parvovirus (CPV), feline panleukopenia virus (FPV) (41), H-1 parvovirus (H-1PV) (42) , and porcine parvovirus (43) in addition to MVM (38) . The amino acids utilized for binding SIA are unknown for bovine and porcine parvovirus, but like MVM, CPV, FPV, and H-1PV bind SIA in or close to the 2-fold depression. For MVM and H-1PV, residues in the vicinity of the SIA binding site also play a role in tissue tropism determination (38, 42) , and for MVM, they also dictated virulence and pathogenicity (38) . However, in CPV and FPV, the SIA interaction either alone or in the context of their receptor transferrin does not seem to be important for infection or host range (44) . Thus, the available data for these viruses indicate that, unlike the AAVs, there is commonality in the use of the same capsid region to engage the same glycan. However, for autonomous viruses, attachment and even infection do not equate to pathogenicity.
In summary, we have identified a region used for SIA binding by AAV5, an essential interaction for successful infection. The binding site conserves the general features observed in other viruscapsid interactions. Further analysis of the SIA binding pocket in AAV5 and characterization of other SIA-dependent AAVs will be necessary to identify the interplay between the bound glycans and the receptors required for internalization. The data so far clearly point to the icosahedral 3-fold axis as being important in cell binding by multiple isolates of AAV, while versatility in capsid interactions shows that the 2-fold region of the autonomous parvovirus capsid is also suitable for SIA receptor attachment. Since structure is more conserved than sequence, information on all receptor-interacting regions can inform vector-retargeting developments. Manipulation of these regions, given knowledge of their functions, will lead to improvements in the development of the AAV gene transfer system.
